Objective: PhytoSERM is a selective estrogen receptor beta (ERb) modulator comprised of three phytoestrogens: genistein, daidzein, and S-equol. The PhytoSERM formulation promotes estrogenic action in the brain while largely inactive or inhibitory in reproductive tissue. A phase Ib/IIa clinical trial (ClinicalTrial.gov ID: NCT01723917) of PhytoSERM demonstrated safety and pharmacokinetics profile of PhytoSERM. While this study was not powered for efficacy analysis, we conducted a pilot, retrospective analysis to identify potential responders to PhytoSERM treatment, and to determine the optimal populations to pursue in a phase II clinical trial of efficacy of the PhytoSERM formulation.
L oss of ovarian hormones during the menopause transition is associated with vasomotor symptoms (hot flashes and night sweats), brain glucose hypometabolism, and cognitive decline. [1] [2] [3] [4] [5] [6] Given the shared metabolic and cognitive phenotypes between menopause transition and late onset Alzheimer's disease (LOAD), [7] [8] [9] [10] [11] [12] this natural endocrinological aging transition is also considered a contributor to the two-fold higher lifetime risk of LOAD in females compared with males. 7, 13, 14 Hormone therapy is a proven effective treatment to reduce hot flash frequency, improve brain glucose metabolism, and preserve cognitive function in selected cognitive domains. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, unopposed estrogen or combined hormone therapy can elevate risks for stroke, heart attack, and breast cancer, [25] [26] [27] [28] [29] [30] which has deterred estrogen therapy by menopausal women. For these reasons, safe and effective alternatives that selectively activate estradiol action in the brain, but not in the reproductive system, are of high priority for women's health.
Prior studies indicate that physiologically-relevant levels of soy isoflavones promote neurogenesis in vitro, 31, 32 and provide benefits in memory and cognitive functions in some clinical studies. [33] [34] [35] [36] [37] [38] Although some studies using plantderived phytoestrogen in post-menopausal women reported positive impact on hot flashes, bone mineral density, risks of cardiovascular diseases, and cognitive function, results were generally mixed and inconclusive. 38 The conflicting results may be explained by the complex signaling pathways downstream of estrogen and different compositions of phytoestrogens, which could activate both agonistic and antagonistic signaling pathways. Furthermore, while activation of either estrogen receptor alpha (ERa) or estrogen receptor beta (ERb) can promote neuroprotection against various neurodegenerative insults, co-administration of ERa-selective agonist and ERb-selective agonists was less efficacious. 39, 40 Because ERb promotes estrogen-mediated neuronal plasticity and memory function, a phytoestrogen formula that selectively targets ERb may be a novel and plausible solution for menopause-related vasomotor symptoms and cognitive impairment. [41] [42] [43] To address the need for a safe and efficacious intervention for menopausal symptoms and the concern regarding potential elevated health risks related to estrogen therapy, a formulation of three estrogen receptor beta selective isoflavones-genistein, daidzein, and S-equol-in equal parts was developed. 44 Preclinical translational studies demonstrated efficacy of PhytoSERM in reducing thermodysregulation while promoting cognitive function, mitochondrial respiration, and overall health in a perimenopausal rat model without adverse effects on the reproductive system. 32, [44] [45] [46] [47] A recent phase Ib/IIa clinical trial on PhytoSERM for management of menopause-associated vasomotor symptoms and cognitive decline (NCT01723917) showed favorable safety, feasibility, and pharmacokinetic profiles, but did not show efficacy on a range of clinical measures. 48, 49 As the trial was not powered for an efficacy analysis, we conducted retrospective analyses to identify potential responders to Phyto-SERM treatment, and to determine the optimal populations to pursue in a phase II clinical trial of efficacy of the PhytoSERM formulation.
Mechanistic, preclinical studies revealed that PhytoSERM can potentiate mitochondrial function and bioenergetics. 47 Furthermore, two genetic risk modifiers for late onset Alzheimer's disease-mitochondrial haplogroup and APOE genotype 50 -are associated with mitochondrial bioenergetics and respiratory efficiency. It is therefore of interest to explore if these two genetic factors may modulate therapeutic effects of PhytoSERM on hot flash frequency and cognitive function. We report herein outcomes of this retrospective analysis, based on mitochondrial haplogroups and APOE genotypes.
METHODS

Study design
This study is based on the randomized, double-blinded, placebo-controlled, parallel-group, phase Ib/IIa clinical trial for the safety and feasibility of estrogen receptor-b targeted PhytoSERM formulation for management of menopausal symptoms (NCT01723917) in peri to postmenopausal women. 48, 49 The study design and participant characteristics have been previously described in detail. 48, 49 Eligible participants were generally healthy women between 45 and 60 years of age, with intact uteri and ovaries, who had at least one cognitive complaint and one vasomotor-related symptom (one hot flash or night sweat event per day). Study participants were randomized to receive either one 50 mg tablet of PhytoSERM (PS50, n ¼ 23), one 100 mg tablet of PhytoSERM (PS100, n ¼ 24), or matching placebo tablet (n ¼ 24) per day for 12 weeks. Six participants did not complete the study and were excluded from analysis (n ¼ 2, PS50; n ¼ 3, PS100; and n ¼ 1, placebo). 48 Within the PS100 and placebo groups, 6 participants on each arm were entered into a cross-over study, and were also excluded from this analysis.
All participants kept daily diaries of their hot flash (frequency and severity) throughout the 12-week trial period. Diaries were collected at each visit at 4-week intervals. For this retrospective analysis, participants who had more than 7 consecutive missing entries and those who had overall more than 25% missing entries were excluded to ensure participants' compliance and data consistency (n ¼ 3, PS50; n ¼ 3, PS100; and n ¼ 1, placebo). Due to the inconsistency in prerandomization hot flash diary entries, in order to capture comparable outcomes, we used daily average hot flash frequency at week 1 postrandomization and treatment as the baseline for each participant.
Neuropsychological tests were administered at baseline, and weeks 4, 8, and 12. The following tests were included in this analysis: the Verbal Fluency (FAS) test for verbal fluency 51 ; the Rey Auditory Verbal Learning Test (RAVLT) as an assessment of multiple cognitive parameters associated with verbal learning and memory (immediate recall, delayed recall, recognition, and learning over trials) 52 ; the Trail Making Test part A as a measurement of visual and motor search speed and part B as an index of executive function or task-switching 53 Supplement Table 2 [http://links.lww.com/MENO/A473] for primers and locations). Sequencing results were assembled and aligned to revised Cambridge Reference Sequence (rCRS, GenBank number NC_012920) using the CLC Main WorkBench software. Mitochondrial haplogroup for each sample was classified using mthap. 55, 56 
APOE genotyping
APOE genotyping was done as previously described with some modifications. 57 Briefly, the following primer sequences were used to amplify the DNA: FWD_TAAGCTTGGCA-CGGCTGTCCAAGGA and REV_ACAGAATTCGCCCC-GGCCTGGRACACTGCC. Amplification was performed in a final volume of 25 mL containing 25 ng/mL of DNA solution, 400 nM of each primer, and 1x RT 2 SYBR Green qPCR Mastermix. Reactions were done using Bio-Rad MyCycler Thermal cycler using the following conditions: initial denaturation at 958C for 10 minutes, followed by 40 cycles of amplification (948C for 30 seconds, 588C for 30 seconds, and 728C for 1 minute), and a final extension step at 728C for 7 minutes. Amplification products were digested with HhaI restriction endonuclease. APOE genotype for each sample was identified based on agarose gel electrophoresis results.
Statistical analysis
Post hoc analysis of changes in hot flash frequency and cognitive function within each treatment group were analyzed using Wilcoxon matched-pairs signed-rank test between week 1 and week 12; and changes among treatment groups were analyzed using Kruskal-Wallis test followed by Dunn's multiple comparison test corrected for multiple comparisons to compare PS50 or PS100 to the placebo group. Analyses were then stratified based on the APOE genotype and mitochondrial haplogroup of the participants to identify responder groups. Mann-Whitney test was used with an alpha value of 0.05. Alpha value was not adjusted for multiple comparisons. Outliers defined as more than two times standard deviations away from average were excluded from statistical analysis. Analysis was performed by GraphPad Prism v7.
RESULTS
Participant demographics and genotypes
A total of 46 participants with complete hot flash diaries were included in the responder identification analysis. Participant age ranged from 47 to 60 years, with an average (SD) of 54.2 (3.3) years. Participants had on average (SD) 17.3 (3.2) years of education. Nine (19.6%) participants were Hispanic or Latino, and 37 (80.4%) were non-Hispanic or Latino. Four participants (8.7%) were Asian, 2 (4.3%) were African-American, 35 (76.1%) were White, and 5 (10.9%) were of ''unknown'' race 48, 49 (see Table 1 for participants' demographic information by treatment).
DNA sequencing results from six participants did not have sufficient mitochondrial genome coverage to generate confident haplogroup assignments, and these participants were excluded from mitochondrial haplogroup-based analysis. Of the 40 participants for which mitochondrial haplotype was determined, Haplogroup H had the greatest representation (n ¼ 11, 27.5%) in this cohort ( Table 2 ). Due to the limited number of participants from other haplogroups, data from females not of haplogroup H were combined into a non-H category (n ¼ 29, 72.5%).
Thirty-two participants were APOE 3/3 carriers (67%) and 14 were APOE 3/4 carriers (33%), which is consistent with prevalence in the general population. There were no APOE 4/ 4 or APOE2 carriers in this analysis (Table 3 ). 
Intention-to-treat analysis
We previously published the intention-to-treat analysis for this clinical trial, 48 including all participants who were randomized, dispensed study treatment, and had baseline and at least one postbaseline assessment. We reported no significant effect of PhytoSERM on 12-week change of either vasomotor composite score (hot flash frequency and Greene climacteric flushing items 19 and 20) or neuropsychological composite score (sum of standardized scores for multiple cognitive test, including verbal fluency, Rey Auditory Verbal Learning Test, Continuous Performance Test, Trial Making Test parts A and B, and Logical Memory Test) in comparison to the placebo group. 48 However, not all measurements included in the composite scores have the same sensitivity to PhytoSERM treatment. Further, within the placebo and the PS100 group, six participants on each arm were involved in a nested crossover design, where they received either placebo or 100 mg of daily PhytoSERM for the first 4 weeks, then crossed over to the other treatment for the remaining 8 weeks, and were assigned to the group of their second treatment. Thus, the intention-to-treat analysis could not accurately capture the treatment effect of PhytoSERM, and a retrospective analysis is necessary to dissect out potential PhytoSERM treatment effect, and identify measures sensitive to PhytoSERM treatment that should be included in future efficacy studies.
Effect of PhytoSERM on hot flash frequency
Daily average hot flash frequency at week 1 after randomization and initiation of double-blinded treatment was used as baseline for each participant because many participants had missing baseline diary entries, and we wanted to capture more comparable entries. Change in hot flash frequency was calculated as the difference between week 12 and baseline hot flash frequency. No difference in baseline hot flash frequency was observed among the three treatment groups (Table 1) , nor did baseline hot flash frequency significantly differ by different mitochondrial haplogroups or APOE genotypes.
Compared with baseline, 12 weeks of PhytoSERM treatment significantly decreased hot flash frequency in the PS50 group, which was not observed in placebo or the PS100 group (Table 4) . Among treatment groups, PS50 group had significantly greater 12-week reduction in hot flash frequency (À1.38, À0.17 [median PS50, median placebo], P ¼ 0.04; Fig. 1 ) compared with the placebo group which was not observed in the PS100 group in comparison to the placebo (À0.71, À0.17 [median PS100, median placebo], P ¼ 0.49; Fig. 1 ). Thus, 50 mg of daily Phy-toSERM appears to be the optimal dosage, which is consistent with earlier preclinical analyses. [44] [45] [46] Further, baseline hot flash frequency was significantly positively correlated with Phyto-SERM-induced reduction in hot flash frequency in the PS50 group (r ¼ À0.67, P ¼ 0.0038; Fig. 2B ) and the PS100 group (r ¼ À0.64, P ¼ 0.03; Fig. 2C ), whereas no correlation was observed in the placebo group (r ¼ À0.23, P ¼ 0.4; Fig. 2A ).
When stratified by mitochondrial haplogroup, those belonging to mitochondrial haplogroup H had significantly decreased hot flash frequency when treated with 50 mg of PhytoSERM per day compared with the placebo group (À1.64, 0.43 [median PS50, median placebo], P ¼ 0.04; Fig. 3A ). Because only one haplogroup H participant was assigned to the PS100 group, no statistical analysis was conducted. Non-H participants on PS50 demonstrated comparable average reduction in hot flash frequency compared with haplogroup H participants; however, the effect was not statistically significant due to variation within the group (À1.38, À0.2 [median PS50, median placebo], P ¼ 0.15; Fig. 3B ).
When stratified by APOE genotype, APOE4 noncarriers in the PS50 group had significantly greater reduction in hot flash frequency compared with those in the placebo group (À0.86, 0.21 [median PS50, median placebo], P ¼ 0.04; Fig. 4A ). A nonsignificant trend towards reduced hot flash frequency was observed in APOE4 carriers, likely due to limited sample size (À2.29, À0.57 [median PS50, median placebo], P ¼ 0.17; Fig. 4B ). Participants in PS100 did not experience significant improvement regardless of APOE genotype.
Effect of PhytoSERM on estrogen-dependent cognitive function
The following aspects of the audio verbal learning performance (RAVLT) were examined: immediate recall (total 
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from trial 1), delayed recall (total after long delay), recognition, and learning over trials (LOT) (total from trials 1 through 5 minus 5 times of total from trial 1, as a measure of verbal learning ability), as previously described. 58 We observed that treatment with neither 50 mg nor 100 mg of PhytoSERM per day improved immediate recall, delayed recall, or recognition, nor did genetic variation (by mitochondrial haplotype H vs non-H, and by APOE4 genotype) modulate any of these outcomes (data not shown). Intriguingly, however, haplogroup H on placebo had significantly Overall, PhytoSERM treatment did not result in significant improvement in index of executive function compared with the placebo, as measured by Trails making B. However, the PS50 group participants exhibited significantly enhanced Trails B performance compared with their own baseline, whereas no significant reduction in Trails B time was observed in either placebo or the PS100 group (Table 5 ). We also observed that Trails B, Index of executive function, was not modulated by mitochondrial genetic variances or APOE genotype (data not shown).
No effect of PhytoSERM was observed on verbal fluency, episodic memory or global cognition throughout the trial, with or without stratification by genotype groups.
DISCUSSION
This retrospective analysis is based on a 12-week, phase I clinical trial of the safety of PhytoSERM, which included measurement of menopause-associated vasomotor symptoms and cognitive function. 48, 49 Although the clinical trial was not powered for efficacy evaluation, we sought to identify indicators of efficacy to advance in a phase II clinical trial of PhytoSERM. The goal of the current study was to determine the specificity of PhytoSERM action in reducing menopauseassociated hot flash frequency while promoting estrogendependent cognitive function, and to identify potential responders to PhytoSERM treatment. To address this issue, we stratified participants based on two genetic factors: mitochondrial haplogroup and APOE genotype. These two factors were selected because both are demonstrated risk modifiers for late-onset Alzheimer's disease, with known effect on brain glucose metabolism and mitochondrial bioenergetics. 50 Further, estrogen promotes both mitochondrial function and bioenergetic respiratory capacity in the brain, 43, [59] [60] [61] whereas estrogen dysregulation can lead to decline in both glucose metabolism and mitochondrial respiration. 62, 63 Outcomes of these exploratory analyses indicated that PhytoSERM reduced hot flash frequency in menopausal women, which was in agreement with our preclinical study using the rat surgical menopausal model, 45 and in accordance with literature reporting benefit of estrogen or phytoestrogens in reducing menopause-associated vasomotor symptoms. [64] [65] [66] [67] Consistent with our preclinical translational analysis, 50 mg, but not 100 mg, of daily PhytoSERM was optimal for reducing hot flash frequency. [44] [45] [46] Correlational analysis suggested that efficacy of PhytoSERM is the most apparent in women with greater hot flash frequency. This outcome suggested that women experiencing higher hot flash frequencies are more responsive to estrogenic intervention and may serve as an indicator of the therapeutic window. One limitation of this analysis is the use of week 1 post-treatment as the baseline due to the lack of consistent prerandomization hot flash frequency data among participants. Because we did not observe significant differences in week 1 hot flash frequency between placebo and treatment groups, albeit less ideal, it still constitutes a valid baseline for our 12-week change analysis.
When stratified by mitochondrial haplogroups, the therapeutic effect of 50 mg of PhytoSERM on change in hot flash frequency was statistically significant in haplogroup H, the most common haplogroup among European descendants. While the therapeutic effect was not significant in non-H participants, the average 12-week reduction in hot flash frequency was comparable to haplogroup H. Given the limited sample size and variance observed in non-H participants, we cannot eliminate the possibility that there are other responding haplogroups, and that the effect of PhytoSERM may occur in other haplogroups that were under-represented in this study. The phase II clinical trial of PhytoSERM could be designed to include sufficient sample size and hence greater mitochondrial haplogroup diversities to confirm the hypothesis.
When stratified by APOE genotype, APOE 3/3 participants on 50 mg of daily PhytoSERM had significantly greater reduction in hot flash frequency compared with placebo. APOE 3/4 participants on 50 mg of daily PhytoSERM displayed a trend towards decline in hot flash frequency, likely due to individual differences and small number of APOE 3/4 participants. However, the magnitude of change was similar between APOE4 carriers and noncarriers, and neither group showed reduction of hot flash frequency with 100 mg of daily PhytoSERM.
PhytoSERM treatment was also associated with improved executive function (Trails B) and preserved verbal learning (RAVLT LOT). Participants on the PS50 group had significantly reduced Trails B time compared with their own baseline, although the 12-week change was not significant compared with that of the placebo group. This effect was independent of mitochondrial haplogroup and APOE genotype. More intriguing is the effect of PhytoSERM on verbal learning ability, as measured by the ''Learning Over Trial'' (LOT) parameter of the RAVLT. Haplogroup H participants on placebo had significantly lower LOT score compared with non-H counterparts, whereas treatment with 50 mg of Phyto-SERM for 12 weeks effectively prevented a decline in LOT (Fig. 5) . One concern over the statistical significance of these observations is limited sample size within each haplogroup and genotype. However, our observation was consistent with population studies showing haplogroup H has a higher risk for late-onset Alzheimer's disease. 50, [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] These observations were consistent with our previous study demonstrating that 9 months of PhytoSERM treatment promoted spatial working memory in both ovariectomized wild-type mice and an ovariectomized Alzheimer's disease mouse model. 45, 46 The selective protective effect of PhytoSERM on specific cognitive functions is consistent with estrogen preferentially effected cognitive tasks of greater complexity, temporal demand, and associative challenge. 43 While definite interpretation of Phy-toSERM efficacy is limited by the small sample size, these data provide a reasonable rationale to extend analyses to a larger study set powered to assess statistical significance. Again, this study is a retrospective analysis based on a phase I safety and feasibility study. We are aware that the statistical power of this analysis was limited by the small sample size and multiple comparisons. Future prospective, adequately statistically powered clinical studies are necessary to validate the observations made in this pilot study. While our analysis suggested that haplogroup H can particularly benefit from PhytoSERM treatment, given the limited sample size and within-group-variance in other genetic groups, we could not rule out the possibility of additional responder groups based on these genetic markers. Future studies powered to detect impact of mitochondrial haplogroup and APOE genotype are required to confirm this hypothesis. As such, we do not intend for this exploratory analysis to be a definitive pharmacogenetic study. Rather, outcomes on PhytoSERM treatment effect, and also genetic modification effect are intended to provide insights and reference dosage for a phase II clinical study.
CONCLUSIONS
The purpose of the retrospective PhytoSERM responder identifying analysis was to determine parameters of efficacy on which to design a phase II clinical trial. Results from this analysis demonstrated potential beneficial effect of Phyto-SERM at a daily dosage of 50 mg to reduce hot flash frequency and to preserve cognitive function, particularly verbal learning and cognitive flexibility. While the observations made in this retrospective analysis await confirmation in a prospective, larger PHASE II clinical study, the data support further development of PhytoSERM as a therapy to ameliorate menopause-associated hot flash and sustain cognitive function. Furthermore, our data support a precision medicine approach for further development of PhytoSERM as a safe and effective alternative to hormone therapy for menopause associated symptoms.
